Of animal Organisms at all levels of organization derive their energy requirements from aerobic metabolism. It follows that the biological efficiency of cells is thus strictly related to the subtlety and flexibility of the regulatory mechanisms which control the respiratory activity. Among the most obvious of these are the oxygen tension of the environment acting through the oxygen-cytochrome oxidase reaction in the mitochondrial membrane together with the availability of reducing substrates.
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It has been known since the early experiments of Warburg and Kubowitz (27) that the respiratory rate of single cells in suspension remains almost independent of oxygen concentration down to very low 0, tensions. On the other hand, there is experimental evidence that the P,, (apparent K,) for cytochrome oxidase can vary with metabolic activity (25) . Furthermore, measurements in suspensions of mitochondria (10) and cells (9, 30, 31) as well as in perfused organs (12, 30) indicate that the mitochondrial oxidation-reduction reactions (electron transport) from NADH to cytochrome c are at near equilibrium with the ATP synthesizing reactions. This is expressed in the following equation Materials. BHK-21 (clone C-13) cultured kidney cells initiated by single cell isolation from Syrian (golden) hamster (20) were used throughout the study. The cells were grown in Glasgow modified Eagles BME medium containing 10% Difco Tryptose-phosphate broth, 10% fetal calf serum, 50 U/ml penicillin, 0.005% streptomycin sulfate, and 5 pg/ml of amphotericin B at 37OC for 2 days in Nunclone plastic flasks (Nunc, Algade, Denmark). The cells were removed from the surface of the flasks in their exponential phase of growth using 0.1% trypsin (trypsin 1:300, Wellcome Reagents Ltd.) and 0.02% EDTA solution in Dulbecco's (8) phosphatebuffered saline at pH 7.3 without calcium or magnesium salts. Trypsin and EDTA were "inactivated"
by the addition of calf serum (5% final concentration) and the suspension of cells was centrifuged at 2,000 rpm for 3 min in a bench centrifuge. The pellet was washed once in Hanks solution (1l))and finally suspended in the same medi urn containing 0.05% bovine serum albumin. Fresh cultures were prepared by flushing the cells from a flask using the above trypsin-EDTA mixture, diluting them appropriately in fresh culture medium, and subculturing in five fresh flasks.
Measurement of redox state of cytochrome c in cell suspensions. The redox state of cytochrome c was measured using the wavelength pair 550-540 nm in a timesharing filter spectrophotometer designed and constructed in the laboratories of the Johnson Foundation (Philadelphia, Pa.). The operation of this instrument is described by Sugano et al. (25) . A sample of the cell suspension was drawn into a cuvette made from a polypropylene lo-ml syringe. The syringe was placed with its long axis perpendicular to the light beam and its surface was masked with black paint except for an area of -1 cm2 on each side to allow the passage of the light beam. A small hole was drilled in the top through which a miniaturized membrane-covered oxygen cathode was inserted (5). The outlet of the syringe was equipped with a short needle attached to a thin plastic catheter approximately 3 cm long, which was closed with a tap. The open end of the syringe was closed by its movable plunger with which the volume of the incubation mixture could be adjusted conveniently. The entire contents of the syringe was thoroughly stirred from the bottom with a small magnetic bar. The cells were allowed to respire and the oxygen tension was recorded continuously.
At appropriate oxygen tensions the tap of the catheter was opened and a known volume of the cell suspension was displaced from the syringe into a tube containing cold perchloric acid for the assay of metabolites (usually two to three samples could be taken in each experiment).
At the end of each experiment the redox state of cytochrome c was determined essentially as described by Wilson et al. (30, 31) . A lo-~1 quantity of a 5 mg/ml ethanolic suspension of antimycin A was added to the remaining 3 ml of cell suspensions to cause complete oxidation of cytochrome c. The decrease observed in the optical density of the preparation following addition of antimycin A was taken to correspond to 100% oxidation of this cytochrome. The increase of optical density after addition of 2 mM cyanide was taken to be that corresponding to the fully reduced state of cytochrome c. The calculation of the redox state of cytochrome c was performed as described by Wilson et al. (30, 31) Oxygen uptake was measured at 25OC with an oxygen cathode (5-pm diam, platinum .) i .n the presence and addition of a few microliters of 1 M hydrogen peroxide O&O,) to the cell suspension in the presence of catalase.
The cells were allowed to respire the dissol ved oxygen until they became anaerobic, and then the oxygen concentration was brought back to the desired value by the addition of more H,O,. Such cycles could be repeated 3-4 times without any apparent decrease in the-respiratory activity of the cells.
Measurement of ATP, ADP, AMP, and Pi. ATP was determined by the method of Lamprecht and Trautschold (17), ADP and AMP by the method of Adam (l), and Pi by the method of Martin and Doty (21) . The concentration of Pi was measured in parallel experiments in which the cells were rapidly separated from the suspending medium by the method of Hems et al.
(13). The dry weight of the cell suspension and medium was determined for each preparation. A factor of 3.7 was used to convert dry weight into wet weight of cells (15) .
RESULTS
Effect of oxygen tension on respiratory rate. In suspensions of mitochondria and cells respiring in the presence of a substrate, the transition of the respiratory rate from zero order (oxygen independent) to first order (oxygen dependent) occurs at very low oxygen concentrations. In other words, the respiratory rate remains essentially constant until the oxygen concentrations are less than 5 PM. In order to measure conveniently the behavior of the respiratory rate at these very low oxygen concentrations, use can be made of the inhibition of the cytochrome c oxidase-oxygen reaction by carbon monoxide. Owing to the competitive nature of this inhibition, the presence of CO acts solely to "magnify" the region of critical interest without interfering with other mitochondrial functions (26) . Thus, in the presence of high CO (0.6 mM) concentrations the oxygen binding site is exposed to what is effectively a much lower oxygen concentration than is dissolved in the suspending medium.
Following this reasoning, BHK-21 cells were suspended in CO-saturated Hanks solution and oxygen was supplied by generation from H,Oz decomposed by catalase to H,O and 0, (see METHODS). As the cells were consuming the dissolved oxygen, the respiratory rate was measured and is plotted as the solid line in Fig. 1 . It can be seen that as the oxygen tension decreased, the respiratory rate fell to a half-maximum value at approximately 50 PM oxygen, but because of the competition between the CO and the oxygen for the active site mentioned above, the actual K, for oxygen is approximately 60-fold smaller (26) .
Effect of oxygen tension on metabolite concentration in cultured kidney cells. The effect of decreasing oxygen concentration on the levels of cellular adenine nucleotides and on the 3-hydroxybutyratelacetoacetate ratio (redox state of the NAD couple) is shown in ratios as high as 11 and 12, which were observed in some experiments, is not completely clear at present.) The total adenine nucleotides remained constant at a value of 9.2 t 0.75 (SE) pmol/g wet wt; this concentration is higher than in the liver cells (16, 23, 30, 31) at iO-20 PM oxygen (CO present). The broken line represents the best visual fit to the data. Free energy relationships between redox reactions and ATP synthesis under various oxygen tensions. It is of special interest to determine whether the near-equilibrium condition (see introduction) between the mitochondrial redox reactions and the ATP synthesis is maintained as the oxygen tension is lowered. Table 2 summarizes the necessary data and the results of calculations. It can be seen that at high oxygen tensions the difference in free energy change (AAG) of the redox reactions and ATP synthesis did not differ significantly from zero, which indicates that the two coupled reac- A value of -7.6 kcal/mol was used for the AG" for ATP hydrolysis.
tions are in near equilibrium.
As the oxygen tension was lowered, the AAG values increased somewhat (to about -1 kcal/2 sites or to about 4% of the total AG) with the free energy of ATP synthesis being higher than that for the redox reactions. It should be pointed out, however, that the increase in concentration of Pi could not be measured experimentally at low oxygen tension and could be estimated only indirectly from the increased ADP and AMP concentrations.
It can therefore be concluded that the observed AAG of approximately -1 kcal is not significantly different from zero and that near equilibrium between the redox reactions and ATP synthesis is maintained even under very low oxygen concentrations. ratio and not the concentrations of the individual reactants. Considerable efforts have been devoted to investigating the interrelationships between oxygen consumption and the redox states of pyridine nucleotide and cytochrome c in isolated mitochondria (4). However, most of the experiments were carried out in conditions where the oxygen tension (PO& was too high to be a limiting factor. Measurements at low PO, were made by Sugano et al. (25) using suspensions of mitochondria isolated from pigeon heart muscle. They reported that the oxygen concentration required to produce 50% oxidation of cytochrome c was almost linearly dependent on the rate of respiration as influenced by the substrate availability and the energy coupling reactions (state 3, state 4, and uncoupled). While these observations represent an important advance in our knowledge of the behavior of the respiratory system, they did not provide sufficient information for the quantitative evaluation of the mechanism of control of cellular respiration. Moreover, whatever may be the merits of using isolated mitochondria as a model system, these organelles differ from the cell in vivo in two important aspects; namely, a) in suspensions of mitochondria the redox state of the NAD couple is far more reduced than is even seen in intact cells, and a progressive reduction of cytochrome c.
As indicated in the introduction, the near-equilibrium model predicts that the cellular respiration rate should be dependent on the cytosolic [ follows the cytoplasmic ratio due to the fact that in the liver and most likely in the cultured kidney cells, almost 70% of the total adenine nucleotide is confined to the cytosolic space. In the light of these considerations, it seems reasonable to assume that measurements of total adenine nucleotides give a faithful picture of the changes which occur in the cytoplasm in vivo. on the cell suspensions incubated with adenosine in which the concentration of the adenine nucleotide pool increases by a factor of 2-3, depending on the time of incubation (18) . The increase in adenine nucleotides is confined primarily to the cytosolic space and, thus, the cytosolic adenine nucleotides account for over 90% of the total pool. Since the fraction of adenine nucleotides bound would not be expected to rise in proportion to the increase in the total adenine nucleotides, the bound forms should become an insignificant part of the total concentrations and the values obtained on incubation with adenosine can be taken as those reflecting the levels of the free metabolites. The [ATP]/ [ADP] ratio found in the adenosine-supplemented cells was between 7 and 12, both in the whole cells (18) ratio may decline in some cells, or even parts of cells (e.g., synaptic terminals) critically involved in the maintenance of electrical activity while being maintained in other more extensive, but less vital regions. The local oxygen environment around the plasma membrane of single cells in suspension is relatively uniform, whereas that in tissue is governed by the local microvascular architecture and blood flow patterns, especially where complex organs such as brain are involved. Thus, changes in the cell suspension model system are easier to interpret owing to the relative uniformity of conditions in the culture medium.
The ability of the cell to slow the decline in respiratory activity at low PO, through compensatory changes in the redox state of cytochrome c and the [ATP]/[ADP] x [Pi] ratio implies that a simple K, for oxygen does not exist in complex biological systems. This could explain the great variability of the so-called Km value for oxygen which has been reported in the literature since there has been great diversity of experimental conditions. In other words, a Km for a given set of conditions is valid only for those conditions. This lack of strict Km may allow a certain measure of flexibility to enable a cell to survive unharmed in what otherwise would be short-term lethal hypoxia.
Another protective mechanism which emerges from the experimental findings reported above is that at very low oxygen tensions, cellular glycolytic activity is able to provide ATP at a minimal level sufficient to sustain temporary cellular survival.
As 
